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‘1’hc stu~iy  of noniirmr plasma waves is an cmcrgin
f

ficlti  in plasma pilysics.  (hlc  a(ivantagc  of
Icscarch in Space

Y
lasmas is hat wc can rnakc (iclai cd in situ nuxsurcmcnts  of I .ow ];I-CC umcy

13waves an(i stu(iy t m evolution of tiwir noniincar propcrlics,  a tcci~niquc dlat is not possi  k for
higher frequency waves typically of laboratory plasmas. T“his paper will present a review of
nonlinear propcrlics of I J; waves at comcls.

‘1’hc nonlinear features of I .ow l;rcc]ucncy  (l.l;) magnctosonic  waves dctcctcd  at comet
Giacobini-Zinncr  wiii bc illustratc(i  an(i discussui.  It should bc notcci ti~at this (discussion will
cover only a small fraction of the wave mmics cictcctcci  at comets. l:or a comprchcnsivc  review
of tile literature for ali waves (including ti~c magnctosonic  mo(ic),  it is rccommcmdc(i that mm
start with the .scminal Wu an(i l)avicison (1 972) article., and then follow up with a .scrics of
articles an(i rc.view articles: ~Jary (1 991 ), }Irinca (1991 ), ‘1’surutani  (1 99] ) and Roberts and
Gol(istcin (1991).
in this paper, 1 will start with a brief  description of the resonant instability and the sources of
free energy for the waves. I’his topic is wcli understood and is provided for background
material. The heart of the paper is the nonlinear properties of the waves. These pi~cnomcna  wili
be ciiscusscd  in the order of their temporal dcvclopmcnt. First, sirnplc  stccpcncd magnctosonic
waves and their basic features wiil bc (iiscussc(i.  As the wave stccpcns furlhcr, large arnp]itu(ic
whistler packets arc formc(i. ‘1’bus, tbc properties of the whistle.rs an(i ti]cir potential generation
mechanism(s) will bc covcrcd next. A discussion of fully dcvclopcd magnctosonic  waves will
follow. ‘1’hcsc  waves have regions of phase rotations within a single rnagnctosonic wave, wave
splitting into two “halves” an(i “back” rotations or rotations of the opposite sense. Power
spectra of the waves will bc illustratmi with a (discussion of whether the cometary waves arc
really a form of turbulence or not. Potential (cascade?) proccsscs  will bc discussed with a
statement of our present undcrstanciing  of (i~c physical mechanisms.



An overview of [hc wave “[111  /)ll]L:[)L~L>”  obSCIWd  IIL\llr (klllL:[ (;i;lColJil)i-~,iI)llL~r  is i]]~ls[rak’d in
l~ig. 1, lakcn from Smi[h cf al. ( 1986) and “1’surutani  and Smith ( 1986a). l;rom top to bottom,
the lhrcc panels illustrate the field magnitude and the elevation and the a~.imuthal  angles, the
la[tcr two in GSIi coordinates. {:loscst approach to (IK: nuc]cus mxurrcd  at - 1103 U’]’, at a
distance of -7800 km in the antisunward  direction. Scvcra] cometary features am indicntcd  in
the Iiig. for rcfcrcncc. ‘l’he magnetic tail lobes have dimensions of - 10,OOO km. ‘I”hc
distance to the bow wavdshock  is - 100,000 km. “1’hc “turbulcncc” or fluctua[iorrs  in magnetic
field (iircctionality exists throughout ti~c (ia[a on ti]is plot (- ~. 200,{KN km) and cxtcm(is  to at
ICast  - ~ 1,(K)0,000  km (“1’sLtru[ani  anti Srni!h, 1986a).
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F’igure 1. An cwcrvicw of the Cornet ~JiaCObini-~inn~r  wave “turbulence”.

~’hc topic  of this review article is the propcriies of the iargc amplitude nonlinear fluctuations
shown in the Fig. Hccausc the cometary ion pickup instability is strongly driven, an(i because
the frcclucncy  of the waves is low (114) ion group  gyrofrcqucncics),  scientists have been able to
icicntify fun(iarncntal  ncmlincar  features using tic. nlagnctotnctcrs.
Note that the “turbulcncc”, as denoted by the fluctuations in the poiar and azimuthal angles, 6
and $, arc not influenced by the presence of the broa(i bow wave./shock near - 0930 ~J”l’. ‘l”he
fluctuations have essentially the. same amplitu(ics  before (upstrcm)  and after (ciownstrcarn) of -
0930 UT. l’hm is a decrease in wave atnplitu(ic  on the outboun(i  leg, however. “l’his may in
parl be dLlc to a substantial an(i abrupt shift in the direction of the interplanetary (IMF:) magne~ic
field direction several minutes prior to the crossing of t})c bow wave/shock. Wave Rrowth  rates
arc dependent on the IMF angle relative to the solar wind velocity (’I’borne and ‘1’surutani,  1987;
Brinca and I’surutani,  1988; Gary and Ma(iland,  1988); this angular change may be the cause
of the sudden wave amplitude (iccrcasc.



3

%1?3u11f@  !1.  ,%,
O*V S4

m,-  .,.,  .  . . . >

L.70 .,.,  -..  . I
mr ”’””’-  “ ’ ” l

.~L . . . ,.. . . I

14 --

u. .! , 1- ‘ “1- -e%+?ke .C.,a-,clw-l.+
0 . . . . .!. . . .

mlo O*bl O*M

l;igurc  2. An example of the stccpcncci  magnctosonic waves wi[h
attached whistler precursors. ‘1’akcn from “1’surulani  et (I1. (1987).

A higher time resolution cxarnination of the waves is available in Fig. 2. ‘l’his data illustrates
that the field fluctuations arc not random, but that the fluctuations in the components arc
corrckitcd, indicating that there arc discrctc wave modes present. “Iwo imporlant features which
1 will focus on in this review arc the - 1 (K)s n~:ig,nctosonic mode waves (best seen in the
sawtooth pattern in 137) and the high frequency (- 3 IIY) whistler packets at the ends of the
nlagnctosonic waves. The latter can bc noted at -0913:40 U’1’, -0915:00 U’1’ and clscwhcrc  in
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l:igurc 3. A schematic of t}~c pickup of cometary ions when VsW is
parallel to the IMl; B. ‘l’he ions form a beam in velocity space.

“l’he source of free energy for the instability and the waves is schematically illustrated in Fig. 3.
As tlw cornet approaches the sun, solar heating causes the atoms and molcculcs of the nucleus 10

sublimate from the surface. ‘l’he outwat-(i  radial propagation of the neutral atoms and molecules
is approximately 1 knl/s.  The combined l>}~otoiot~i~:ltiol~  and the charge exchange time scale is -
106s. ‘1’bus, the aton~s/n~olcculcs  travel approximately 106 km before being ionimd.  It is
bclicvcd that - 80% of the nucleus is composed of water ice, so the predominant ion is from the
1120 group (1120+,  (11 1+ and 0+).



4
W h e n  water n]olccLllcs (or 011 or 0) arc ionixd,  as shown  in I;ig.  3, lhcy  f(~rnl a beam in lhc

solar wind plasma frame wilh vclocily  -VsW, where V\Wr is thL~ sol:ir wind vclm’ily. (’1’here is a
stl]all vclocily of lhc comcl nuclcu.s  re la t ive  to llIc s u n  a n d  a n  e v e n  s m a l l e r  vcl(jcily  0( t h e

cometary neutrals relative to the nucleus, but lhcsc can bc ncglcclcd  in this simple picture). ‘1’his
beam is unstable to [he righ[-hand resonant ion beam instability (WU and I)avidson,  1972;
llrinca$ 1991, and rcfcrcnccs  therein). in this instability, the ions arc lravcling towards the sLln
in the plasma frame and arc OVCrtilkillg  lhc right-hand (nlagnctOsOnic)  waves which arc alSO

propagating in the gcncr;ll  direction of the sLln. Ilccausc  the (left-hand) ions ovcr[akc  the
waves, (hey sense the waves as Icft-hand polarizmi, allowing an anomalous Ilopplcr-shifted
resonant interaction to occur. “1’hc predominant wave-par[iclc interactiorr is pitch angle
sca(tcring,  leading to the formation of a spherical shell in velocity space, as schematically
indicated in I;ig. 3.
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I;igure  4. A schematic of the pickup of comc(ary ions when VsW is
perpendicular to the IMl: 1{. ‘l’he ions form a ring in velocity space.

‘1’hcsc right-hand magnctoscmic  waves propagate at - 2-3 times  the Alfvdn  speed (Iue to their
steepened features (omidi and Winskc, 1987). ‘1’hc velocities arc still substantial y less than the
solar wind speed (V~W, R 7-10 VA), however. I’hc waves arc thcrcforc blown back across the
spacecraft by the solar wind and arc observed with the leading steepened edge  of the
magnctosonic waves occurring last in time (see Fig. 2).
When the lMl~ is not parallel to VSW,, there arc substantial forces cxcrtcd on the. ions, leading to
instantaneous acceleration and “pick-up” of the particles. “l’he.  extreme case of a = 90° is
illustrated in Fig. 4. ~’hc solar wind V x 1; l,orcntz  force causes the }1?,()  group ions to form a
ri~~g in phase space. l’hc ions will have a gyrovclocity  V~W, in the solar wind plasma frame.
“1’bus, in the comet frame, the ions have maximum and minimum speeds of 2 V~W and 0,
respectively. Because the spacecraft is csscntiall y in the cometary frame (there is a 21 km S-l
relative  velocity for ICI; at Cliacobini-7,inncr),  cncrgctic  ion detectors have directly observed
these thermally “cold” pickup ions (the ion tcmpcraturc  refers to their transverse and parallel
velocity fluctuations). The maximum kinetic energy of the ring is about 60 kcV.
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Al~h~~ugh  the it~t~:[’l~l;~t]c:(:lry  m a g n e t i c  f i e l d  is[ls(l:lllyiil  [h~: [’ilrk~:rspi[:~l i]r~gl(:r~lii(iv~:(ottl~

sfJl:lrwi[](l(-45’’:\t  1 A(J). it cancxista(  all :it~~lL:s frt~[~~:l  p:lr:illL:l  f)ricl~(:l(iot~  :issc}l~:rl~:l[  ic:llly
shown in I;ig. 3, 10 a ~>L:[”lJc[l[lic:Lll:li.  C) IiClltiltiO1l  stl{)wll  in l:i~. 4. “1’hc ri~h(-han(i  resonant
instability has positive growth for angles fr(~n~  ()” [o -- 70’’(llrinca,  1991). f;(jr:lrlglL:scl(J.wrt(]
90’” dwdominant  itlstllllili(ys}l{)lll(l  bc the Ic[[-hand Icsonanl  mode or the mirror mode (Ijrinca,
199 1). l]owcvcr,  a search for the Icfl hand mode (the mode wilh the Ihcortlticilily  lillgCSt
growth rate) has indicated a lack O( the prcscncc of such waves near comets even under the
proper ((x S 70”- 90°) conditions (rl’surutani  et [/1., 1 989a). “Ihc authors suggested several
possib]c explanations for the suppression O( lhis inslabi]ity, but tests have not bc.cn made to
date.
Onc feature of the cometary waves which has made analyses quite easy, is that the s~)acecraft is
essentially in the. same rcfcrcncc  fralnc as the cometary neutrals, and thus the spaceborne
magnctmnctcrs detect the waves in cs.wntia]]y the iOJl  rcfcrcncc fraJnc. l’hc - ] 00s wave period

corresponds to the 1120 group ioJ~ cyclotron frcqucJ~cy.

C. Off-Axis Wave Propagation

‘1’here arc several fLmdamcntal theoretical problems wi~h several of the above wave features that
should be noted by the reader. 1,incar  an(i quasilincar  theory (’I’hornc  an(i “1.surutani,  1987;
Brinca and l’surutani,  1988;  Gary and MadlaJ~d,  1988) iJ~dicatc that maximum ‘&J”owth shotJ]d
OCCUr  at ekr]  ~ O O. 1 Iowevcr,  the observed stccpencd  cometary waves arc found to be
propagatiJ~g at suhs[antial angles to the ambient magnetic field (iircction,  consistent with their
stccpcncd  propcrlics.
Ilvcn at very larg,c  distances from the coJnct  nucleus where the wave aJnplitudcs aJld density
variations arc small, the waves arc still found to propagate at large angles to 1; and show signs
of substantial steepening. Rcscarchcrs  have not foiJJld  noncornprcssivc,  para]]c] propagating

waves in any ]ocalion  near a comet. OJ~c possible cxp]anation  to this dilemma is that ncm]incar
saturation is causing a limitation in the growth of the parallel propagating waves, allowing the
off-axis waves to dominate (Ko~i Jna et al. ,1 989). Although
orally prc.scntcd,  further work is J~ccdcd  on this topic.

I;. Nonlinear Wave I>cvc]opJncJlt

~rcliminary results have been

Waves dctcctcd at intcrmcdiatc  distances from the comet typically bavc sornc stccpcning, but
generally have a lack of whistler precursors. AJ~ example. is given in l’igs. S and 6, observed at
a distance -2.1 x 105 km from the comet. Sixty seconds of the wave is displayed. From the
beginning of the interval at 0718:20 U“J’ uJ~til  point 1, there is lit[lc phase rotation prcscJ~t.
l“his is best seen in the hodogram plot of Fig. 6. ‘l’his part of the wave is liJ~carly  polarized and
is alJnost purely compressive. in this interval, 131 and IJz, arc nearly constant with alJnost all of
the change occurring in B~, the ~iirccticm  of n~iJ~in~unl  variance (along B). ‘l$hc m:~jority  of the
wave phase rotation occurs in tho last 10s of the wave, from poi J~t 1 to point 4. ‘l’his wave is
reasonably planar.
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Figure 5. An example of a simple stecpcncd  magncmsonic
wave without a whistler precursor.
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Ijigure  6. A hodogram of !hc wave in Fig. 5.

‘1’hc general picture for wave steepening is illustrated in Fig. 7, an adaptation from Cohen and
Kulsrud (1975). ‘I-hc wave originally starts as a sinusoidal oscillation (top panel), traveling

to the left. Points of equal phase separation arc indicated in the vertical scale. As the wave
stccpcns  it forms a front where much of the phase rotation accumulates. I’hc phase change is
highly comprcsscd,  and corresponds to the “partial rotation” , shown previously. The trailing

portion of the wave is elongated, containing the remainder (- quarter) of the wave phase
rotation. This region corresponds to the “linear” portion of the wave. Note that in the process
of wave stccpcming,  the wave has evolved from a monochromatic oscillation to one which
consists of a broad range of frcqucncics. “l’he leading edge of the magnetosonic  wave
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I~igurc 7. A simplified schematic for magncmsonic wave
stccpcning,  adapted from Chhcn  and Kulsrud  (1975).

l;. Whistler ]]ackct$

q“hc fully dcvclopcd  whistler packets have a different field rotation than the partial rotation. An
cxarnplc of a whistler packet is shown in I;ig. 8, taken during an interval much closer to the
comet nudcus (- 1.3 x 105 km). “1’hc whistler dccrcascs  in ampli tudc lincarl y with distance
from the rnagnctosonic wave. “Ilm field spirals around the upslrcam ambient direction until it
ends at 11. I’hc whistler acts to lower the field gradient across the stecpcncd  magnctosonic wave
front, allowing a more graciua]  field reduction by the spiral motion. In this particular event, the
whistler is a planar structure.
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A  n u m b e r  O( dilfcrcn(  sla[islical  propcr[ics  of tlIc whis[lcrs  were given in “1’suru(ani  et af.

( 1989 b). ‘1’hc only scattL$r plol that illuslmlcd iIny si~niticant  corrclatiotl is shown itl I;ig. 9. 11
is a plo[ or lhc average period 0[ lhc whistlers in spacecraft c(mrdinatcs versus (k number of
rotations in the pa~k~~(. 1 t is l’OUnd th:it, in g(~t]~riil, [)i~~k~~ts  with liir~t:  numhcrs O( rotations l]ilv~

SIllilllCI’  wave periods and vice versa. NOW tl]iit  in [his cxamina[ion.  the whistler (Iircc[ion of
propagation rCliltiOtlShip, higher frequency witvcs pI’Opii~atC
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I;igurc  9. ‘1’hc whistler wave average period as a function of the number of
wave cycles in the whistler packet. “I”akcn from Tsurutani et al. ( 1989b).

the waves arc propagating in the solar direction (in the opposite direction to the solar wind),
relatively higher frequency waves will have smaller anomalous IIoppler  shifts. I“hus the actual
distributional dependence is probably more cxtrcmc than in the given plot.
One interesting feature of the statistics in I~ig.  9 is that the whisdcr  packet physical scale length
increases on average with increasing number of cycles. An event with only one cycle (partial
rotation) may have a period of - 10s. Assuming a solar wind velocity of 400 km s-l,  one gets a
scale size of 4 x 1 ()~ km. “J’hc observed whistler packet with the greatest number of rotations

(23) had an average period of -1.0 s, giving a train length of -9.2 x 103 kt~~.  The latter iS
slightly more than double the length of the partial rotation. “J’his observation should be taken
into account in any theory of the formation of the stccpcncd  waves plus whistler packets.
‘J’here have been several suggested mechanisms for the whistler packet. Among thcm are
clispcrsivc  whistlers, gcncratcd by the wave s[ccpcning process (1 lada ct al.,  1987; (h~licii  and
Winske,  1990), pickup of 1120 group ions at the leading stccpcncd  edge of the mafyctosonic
waves (Goldstein and Wong, 1987), pickup of cometary protons at the leading stccpcncd edge
(13rinca and Tsurutani,  1988 b), and trapping of 1120 group ions in the whistler packet (Kaya et
al., 1989). All of these mechanisms arc viable. “J”hc fundamental question is what is the relative
contributions of each mechanism. Rr.ccntly Omidi and Winskc  (1 990) indicated that the
whistler amplitude is only slightly enhanced if fresh pickup ions arc added to the simulation in
comparison to the case where no new ions arc addc.d. ‘J’his result implies that the dominant
process is dispersive whistler generation from the nonlinear steepening process. 1 lowcvcr,
contributions from other sources may certainly bc present and itnportant.



G .  fhlly  Ikvclopcd  I J; wdvcs

I;igs. 10 and 11 illustrate a fully (icvclopcd  rnll~nctOsonic  wave with upstrcan~  whistlers. OnC

feature to note is the unusually Iargc amplitude whistler packet (pak-to-peak amplitudes of -10
nrl”), which at this stage of dcvclopmcnt have very Iittlc fall-off in amplitude wi[h distance. “l”hc
whistlers arc also highly comprc.ssional, as dcno[cd in the 11 rnagnitudc panel. Besides the
whistler packet (Icft-handed in the spaccxr:lf[ frame), there is onc olhcr small region of left-hand
rotation in the magnctosonic  wave, from points 3 to 4. In addition to the two regions of phase
rotation, there arc two more rc.gions of the rnagnctosonic  wave which arc almost purely

comprcssional  (with almost no phase rotation). (hr. is the trailing - half of [hc wave from the
beginning of the interval from 0826:08  LJ’I’. .
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Figure 10. A fully dcvclopcd rnagnctosonic  wave with upstream
whistlers. ‘1’aken from Tsurutani et al. (19(90).
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Figure 11. ‘1’hc hodograrns for the wave in Fig. 10.
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(hw of lhc two most slriking feature.s t)l- ~hc wave ill I:ig. 1 () am t’ound 1)~’twi’(’n  points 1 and 3.
‘I”hc field rotati[~n  in this region corresponds to a (ull 300’’”  right-hand rotatit)n  in (Iw spacccrall
l-ram:. ‘1’his is opposite in sense 10 that or {hc partial rotation  t)r 0( the upstr{vlm  wt]is(lcrs.  ‘1’his
dramatic feature can easily bc noticed in I(ig. 1 1. At present i[ is not known wllal  this feature is.
onc possibility is that it is a right-hand waw (in the plasma frame) trawling in the downstream
direction away from the sun. Such a wave could bc gcncr:i[cd by [hc decay instability
stimulated by the intcracticm of a whistler (the dispersive whis[lcrs)  with acoustic waves (or
drmsity  compressions associated with the, magnctosonic  or whisdcr  waves propagating at
nonmm  angles to B). It could also bc a Icft-hand wave propagating into the ups[rcam dircc[ion.
With triaxial magnetic mcasura-ncnts,  there is an ambiguity of 180” in the direction of k, thus
onc cannot dctcrminc  the absolute direction of propagation without using. :idditional  physical
arguments or high time rcso]ution velocity mcasurcmcnts  (the latter unfortunfitely  do not exist
on ICE). A third possibility is that it could be a backward propagating dispersive whistler
generated by the steepening process.
“l’his “back” rotation is also correlated with a sccon(i intc.resting feature located near point 3 of
I~ig. 10. At and near that portion of t}~c wave, it appears as if the wave is splitting into two

rotauon is rclalca m mls Icaturc or not at mls umc. lJacK
time. l’hc wave splittings also occur with approximately

Grnct Ilallcy  Waves

people have asked (but have not ha(i answcrccl), is “why

parts. IL is unclear whether the “back” ‘” “ “ ‘ ““ “ e . . . . . T. ,

rotations occur less than - 10% of the
the same frequency.

11.

Onc fundamental question that many
were the fields measure by spacecraft armada at comet I la] lcy more turbulent looking (but lower
in amplitude) than the niccl y pcriociic structures observed at ~]iacobini-~,i  nncr?”. “l’he scale size
of }Iallcy’s intcracticm with the solar wind was an order of magnitude larger than that for cornet
Giacobini-Zinncr. “1’his is caused by the larger neutral production of }Iallcy. “l’he bow
shock/wave was dctcctcd at - 106 km for llallcy  versus - 10S kti~ for Ciiacobini-Zinncr. The
detection of cometary ions was founcl for distances up to 8 x 106 km versus 2 x 106 km for
I lallcy and Giacobini-7,inncr,  rcspcctivcly.  The reason is the Jnuch gmatcr ion production rate
of l]allcy,  rotlghly  15 times that of ~]iacobini-~,inncr. “1’hc waves generated by the pickup
process will similarly have an order of magnitucic  greater time to expand and interact with each
other. ‘J’bus, the turbulent nature of the fic]ds measured near Ilallcy  (Cilassmcicr  et al. 1987;
Johnstonc  et al.,  1987) may be the eventual hy-produc[s  of wave-wave interactions. At this
time, this conjecture can only remain  as speculation, or could be tested by siti~ulation analy.scs.
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l:igurc  12. 'l"hcpowcr  s~ctraof thcw:ivcsjtlst  ~lpstrcal~~  ofthc Gi:lc[Jbil~i-Zit~  l~cr
bowshock/wavc  onthc  inbound pass. q'}~cfig~lrc  istakct~fron~  7'st11~ltani  ar~cl  St~~itl~[l  l].

“1’hc power spectra of the field just upstream of the (iiacobini-~,inner  bow shock is shown in
l~ig. 12. “l’he X component is along the average rnagnctic field direction and Y and Z arc in the
orthogonal directions. Chiginally,  this author (1’surutani  and Smith, 1986a) and several ~Jiotto
magnctornctcr investigators (Acuna  et al. , 1986; Glassmcicr  et al. , 1987) speculated that the f-

si~ to f-2 power law spectra of the waves at frcqucncics  higher than the pump (II@ group ion
gyrofrcqucncy) could bc due to an inverse cascade. An assumption was made that the cause of
the wave spectra from the two comets were the same. llowcvcr,  this may not bc correct. After
the previous discussion, two points come to mind. l~irst, it has been shown that the dominant

components of the Giacobini-Zinncr  waves in this frequency range arc right-hand po]arizcd  in
the plasma frame. Presumably, all of this power is duc to the stccpcncd rnagnctosonic waves,
partial rokltions  and the Whistlers, in order of asccmding  frequency. The amount of power in the

“back” rotations should be small. The waves at } lallcy have been noted to be quite different
from comet Giacobini-Zinncr  (G]assmcicr  et al. , 1 9 8 7 ;  1989; Johnstonc  e? a/, ]98’7).  ‘1’hCSC

waves may indeed be turbulence duc to a nonlinear cvo]ution of the pump waves or by further
wave-wave interactions (previously discussed). “1’hus the comet Ilallcy  spectrum may not be
compo.scd of solely whistlers and these waves may bc quite different than those of G-Z. It is
felt that several ncw studies arc called for: from cross spectra] analyses, 1) a study of the
hclicity  of the waves at G-Z and }lallcy,  both upstream and downstream of the bow
shock/wave, 2) a study of the spectral and polarization evolution of the }Iallcy  waves far from
the comet to close to the comet nucleus, and from plasma anti magnetic ficl(i  (diagnostics. 3) the
compressibility an(i Alfw% ratio.
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